Delayed neuronal cell death occurring hours after reperfusion is a hallmark of ischemic stroke and a primary target for neuroprotective strategies. In the present study, we investigated whether apoptosis-inducing factor (AIF), a caspase-independent proapoptotic protein, is responsible for neuronal cell death after glutamate toxicity and oxygen-glucose deprivation (OGD) in vitro and after experimental stroke in vivo. AIF translocated to the nucleus in which it colocalized with DNA fragmentation and nuclear apoptotic morphology after exposure to glutamate or OGD in cultured neurons or after transient middle cerebral artery occlusion (MCAo) in mice. Small inhibitory RNAmediated downregulation of AIF reduced glutamate-and OGD-induced neuronal apoptosis by 37 and 60%, respectively ( p Ͻ 0.01). Moreover, Harlequin mutant mice, which express AIF at low levels (ϳ20% of wild-type mice), displayed smaller infarct volumes (Ϫ43%; p Ͻ 0.03) and showed dramatically reduced cell death in the ischemic penumbra after 45 min of MCAo compared with wild-type littermates. Inhibition of poly(ADP-ribose) polymerase and Bid reduced nuclear AIF translocation. These results provide the first evidence for a causal role of AIF in ischemic neuronal cell death. Therefore, caspase-independent cell death signaling may provide a promising novel target for therapeutic interventions in cerebrovascular diseases.
Introduction
The only causal therapy for ischemic stroke is reperfusion. However, even if cerebral blood flow is reestablished quickly enough to prevent immediate cell death, a large population of initially surviving neuronal cells will die within the first few hours after reperfusion. Apoptotic signaling pathways are, among others, an established feature of this phenomenon termed "delayed ischemic cell death" (Mattson et al., 2000; Graham and Chen, 2001) . Membrane-bound cell death receptors, e.g., DR3 and Fas-R, are activated after cerebral ischemia (Martin-Villalba et al., 1999; Harrison et al., 2000) and may initiate neuronal cell death by cleaving the upstream initiator caspase-8 (Velier et al., 1999) and subsequent activation of the extrinsic caspase pathway. In addition, caspase-8 can activate the Bcl-2 family member protein Bid after cerebral ischemia (Plesnila et al., 2001 ) thereby inducing cytosolic release of cytochrome c from mitochondria after ischemia (Fujimura et al., 2000) . Released cytochrome c ultimately leads to cleavage and activation of caspase-9 and caspase-3, representing the final steps of the intrinsic caspase pathway, shown previously to be involved in ischemic cell death (Namura et al., 1998; Krajewski et al., 1999; Le et al., 2002) . Despite the important role of caspases for delayed neuronal death after experimental stroke and cerebral hypoxia-ischemia (Lo et al., 2003) , recent findings suggest the involvement of additional, caspaseindependent mechanisms downstream of mitochondria, e.g., apoptosis-inducing factor (AIF) (Zhu et al., 2003; Plesnila et al., 2004) .
AIF is a 67 kDa flavoprotein with significant homology to bacterial and plant oxidoreductases, located in the mitochondrial intermembranous space (Susin et al., 1999) . During release from mitochondria, AIF migrates to the nucleus in which it induces large-scale (ϳ50 kbp) DNA fragmentation and apoptosis by a yet unknown, caspase-independent mechanism, as demonstrated in a variety of different cell types , including neurons (Cregan et al., 2002; Fonfria et al., 2002; Yu et al., 2002; Penninger and Kroemer, 2003; Zhu et al., 2003; Plesnila et al., 2004; Wang et al., 2004) . In vivo, AIF is indispensable for mouse morphogenesis (Joza et al., 2001 ) and translocates to the nucleus in animal models of Parkinson's disease (Arnoult et al., 2002; Wang et al., 2003) , epilepsy (Cheung et al., 2005) , perinatal hypoxia-ischemia (Zhu et al., 2003; Zhu et al., 2004 ), brain trauma (Zhang et al., 2002) , and ischemic stroke (Cao et al., 2003; Komjati et al., 2004; Plesnila et al., 2004) . However, because AIF knock-out mice die early during embryonic development (Joza et al., 2001 ) and are thus not available for models of cerebral ischemia, it remained unclear whether AIF has a causal role for delayed ischemic cell death or if it is just a bystander in the cell death process.
The aim of the current study was to follow up our previous findings on AIF translocation after cerebral ischemia (Zhu et al., 2003; Plesnila et al., 2004) and investigate the causal relationship between mitochondrial AIF release and ischemic cell death in vivo using Harlequin (HQ) mutant mice expressing low levels of AIF and in vitro using small inhibitory RNA (siRNA)-mediated downregulation of AIF. Our findings strongly suggest that AIF greatly contributes to ischemic cell death in neurons and may therefore be a potential novel target for the treatment of acute and chronic neurodegenerative diseases and other disorders in which ischemic cell death is a prominent feature.
Materials and Methods
Cell culture and induction of neuronal cell death. Primary rat embryonic hippocampal neurons (Culmsee et al., 2002) were cultured in Neurobasal medium with 2% (v/v) B27 supplement, 2 mM glutamine, and 100 U/ml penicillin/streptomycin (Invitrogen, San Diego, CA). Cultures contain Ͼ95% neurons as routinely controlled by neuronal-specific nuclear protein (NeuN) immunostaining (Culmsee et al., 2002) . In 9-to 10-d-old primary neurons, the culture medium was replaced with Locke's solution (in mM: 154 NaCl, 5.6 KCl, 2.3 CaCl 2 , 1.0 MgCl 2 , 3.6 NaHCO 3 , 5 glucose, and 5 HEPES, pH 7.2) or Earl's balanced salt solution (EBSS) medium (in mg/l: 6800 NaCl, 400 KCl, 264 CaCl 2 ϫ 2H 2 O, 200 MgCl 2 ϫ 7H 2 O, 2200 NaHCO 3 , 140 NaH 2 PO 4 ϫ H 2 O, and 1000 glucose, pH 7.2) immediately before glutamate treatment (20 M, 24 -48 h). At 9 -10 d in vitro (DIV), these neurons express NMDA receptors and are therefore susceptible to glutamate-induced excitotoxicity (Culmsee et al., 2002) . For oxygenglucose deprivation (OGD), glucose-free EBSS medium supplemented with gentamycin (5 mg/l) was purged with N 2 /CO 2 (95%/5%) for 30 min, resulting in an oxygen content of 2-3%. Neurons were then washed three times with this medium and incubated for 4 h in an oxygen-free N 2 /CO 2 (95%/5%) atmosphere. Control cultures were incubated in EBSS with 10 mM glucose. Thereafter, the medium was replaced by standard culture medium (see above). Four, 8, and 24 h after onset of OGD, cells were fixed with 4% formaldehyde in PBS for immunocytochemistry and quantification of cell death.
HT22 cells were cultured in DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine (Rossler et al., 2004) . Glutamate (1-2 mM) or staurosporine (300 nM) were added to the serum-containing medium, and cell viability was evaluated 18 -20 h later.
Evaluation of apoptosis and cell viability. Cultured neurons or brain sections were stained with the fluorescent DNA-binding dye 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) or Hoechst 33342, respectively (Plesnila et al., 2004) . Stained nuclei were visualized under epifluorescence illumination (340 nm excitation and 510 nm barrier filter) using a 20ϫ objective. Neurons with condensed and fragmented nuclei were considered apoptotic. In some experiments, neuronal cell damage was also determined by a combination of propidium iodide (PI) and calcein staining, which indicates the ability of healthy neurons to metabolize the nonfluorescent calcein-AM to fluorescent calcein and to prevent cellular PI uptake. Two hundred cells per culture were counted, and counts were made in at least four separate cultures per treatment condition without knowledge of the treatment history. Cell viability in HT22 cells was determined in 96-well plates by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction at 0.25 mg/ml for 2 h (Liu et al., 1997) . The reaction was terminated by adding a solubilization solution containing 10% SDS and 0.6% acetic acid in dimethylsulfoxide, and absorbance was then determined at 590 nm (SpectraFluorplus; Tecan, Durham, NC) .
AIF gene silencing. AIF-siRNA was generated using the recombinant Dicer enzyme kit following the instructions of the manufacturer (Gene Therapy Systems, San Diego, CA). Briefly, an AIF cDNA template (750 bp) for T7-RNA polymerase in vitro transcription was generated from mouse or rat mRNA by reverse transcription (RT)-PCR using the following primers: forward, 5Ј-GCG TAA TAC GAC TCA CTA TAG GGA GAT  CCA GGC AAC TTG TTC CAGC-3Ј; and reverse, 5Ј-GCG TAA TAC  GAC TCA CTA TAG GGA GAC CTC TGC TCC AGC CCT ATC G-3Ј (initial denaturation at 95°C for 2 min; 28 -30 cycles of 30 s 95°C, 1 min 57°C, and 2 min 72°C; and final extension at 70°C for 10 min). The cDNA template was precipitated and purified, and in vitro transcription was performed by using the TurboScript-T7-Transcription kit (Gene Therapy Systems). The resulting double-stranded RNA template was then exposed to the recombinant Dicer enzyme at 37°C for 16 h overnight, and the siRNA fragments were again purified on the RNA Purification Columns 1 and 2 of the manufacturer (Gene Therapy Systems). Lipofectamine (Invitrogen) and AIF-siRNA or nonfunctional mutant RNA (5Ј-AAG AGA AAA AGC GAA GAG CCA-3Ј; Dharmacon, Lafayette, CO) were dissolved separately in Optimem I (Invitrogen). After 10 min of equilibration at room temperature, each RNA solution was combined with the respective volume of the Lipofectamine solution, mixed gently, and allowed to form siRNA liposomes for an additional 20 min at room temperature. The transfection mixture was added to the antibiotic-free cell culture medium to a final concentration of 20 nM RNA and 1.5 or 2 l/ml Lipofectamine in primary neurons or HT22 cells, respectively. Controls were treated with 100 l/ml Optimem only and vehicle controls with 1.5-2 l/ml Lipofectamine.
RT-PCR. Total RNA was extracted (Nucleospin RNA II kit; MachereyNagel, Düren, Germany), and RT-PCR was performed as described previously (Culmsee et al., 2002) . Primers and PCR conditions for AIF were the same as given previously. Primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were as follows: forward, 5Ј-CGT CTT CAC CAC CAT GGA GAA GGC-3Ј; and reverse, 5Ј-AAG GCC ATG CCA GTG AGC TTC CC-3Ј. PCR for GAPDH was performed as follows: initial denaturation at 95°C for 2 min; amplification by 26 cycles of 30 s 95°C, 1 min 57°C, and 2 min 70°C; and a final extension at 70°C for 10 min. RT-PCR products were visualized under UV illumination after electrophoresis on a 1.5% agarose gel containing ethidium bromide.
Characterization of vascular anatomy. HQ mice and their respective littermates (n ϭ 5 each) were killed in deep halothane anesthesia by transcardial perfusion with 4% paraformaldehyde (PFA). Thereafter, 200 l of India ink was infused transcardially. The brains were removed, and the territories of both middle cerebral arteries on the dorsal surface of the brain together with the development of the posterior communicating artery were quantified on a scale between 0 (no anastomosis) and 3 (fully developed anastomosis), as described previously (Murakami et al., 1998) .
Transient focal cerebral ischemia. Male C57BL/6 mice (body weight, 18 -22 g; Charles River Laboratories, Wilmington, MA) or HQ mice and their wild-type littermates (The Jackson Laboratory, Bar Harbor, ME) were subjected to transient middle cerebral artery occlusion (MCAo) as described previously (Plesnila et al., 2001 (Plesnila et al., , 2004 . Briefly, a siliconecoated 8-0 nylon monofilament was pushed into the internal carotid artery until blood flow in the MCA territory decreased as determined by laser Doppler fluxmetry. Forty-five min after MCAo, ischemia was terminated by removal of the intraluminal suture. C57BL/6 mice were perfusion fixed with 4% PFA in deep halothane anesthesia 1, 2, 4, 8, and 24 h after MCAo, and brains were removed, postfixed in PFA for 24 h, dehydrated, and embedded in paraffin. Coronal sections (5 m) from the infarct area were subjected to immunohistochemical analysis for nuclear AIF translocation, activation of caspase-3, and DNA damage. Brains of HQ mice and wild-type littermates were removed 24 h after MCAo, flash frozen, and cut (10 m). Eleven sections (500 m apart), including the middle cerebral artery territory, were stained with cresyl violet or DAPI for quantification of infarct area or evaluation of ischemic cell death, respectively. Infarct volume was calculated by multiplying infarct areas with the distance between sections.
Because arterial catheterization is not compatible with long-term survival in mice, animal physiology was assessed in a separate group of animals (n ϭ 5 each).
Inhibition of poly(ADP-ribose) polymerase activity. Poly(ADP-ribose) polymerase 1 (PARP1) activity was inhibited by using the potent and highly specific inhibitor PJ-34 as described previously (Abdelkarim et al., 2001) . PJ-34 was applied 15 min before OGD in a final concentration of 1 M. In vivo male C57BL/6 mice (body weight, 18 -22 g; Charles River Laboratory) received 10 mg/kg of the drug 15 min before 45 min of MCAo. Brains were stained for AIF and active caspase-3 4 h after reperfusion.
Inhibition of Bid. Conversion of Bid to tBid, which migrates to the mitochondrial membrane and forms pores in the mitochondrial membrane, was prevented by maintaining Bid in an inactive conformation using 2 M of the highly specific inhibitor Bl6c9 (Becattini et al., 2004) .
Immunostaining. Immunocytochemistry or immunohistochemistry was performed in cultured cells or brain slices, as described previously (Plesnila et al., 2004) . Briefly, nonspecific binding was blocked for 30 min with 4% horse serum in PBS. Anti-AIF (2 g/ml; sc-9416; Santa Cruz Biotechnology, Santa Cruz, CA) was applied in TBS containing 1% BSA and 0.1% Triton X-100, incubated for 60 min at room temperature, followed by a biotinylated horse anti-goat antibody (6 g/ml in PBS) for 60 min. Endogenous peroxidase activity was blocked with 3% H 2 O 2 in PBS for 5 min. Visualization was performed using a Vectastain ABC Elite kit with 0.5 mg/ml 3,3Ј-diaminobenzidine enhanced with 15 mg/ml ammonium nickel sulfate, 2 mg/ml ␤-D-glucose, 0.4 mg/ml ammonium chloride, and 0.01 mg/ml ␤-glucose oxidase (Vector Laboratories, Burlingame, CA). Negative controls, in which the primary antibody was omitted, were completely blank, and preabsorption with the peptide provided by the manufacturer abolished the staining. A similar protocol was used for active caspase-3 staining (anti-active caspase-3 antibody; 67342A; BD Biosciences PharMingen, San Diego, CA). Detection of DNA damage was achieved with a biotinylated oligonucleotide hairpin probe (HPP) with one base overhang in the 3Ј end as described previously (Didenko et al., 1998; Zhu et al., 2000 Zhu et al., , 2003 Plesnila et al., 2004) . Multiple immunolabeling of cells followed by nuclear staining with DAPI or Hoechst 33342 was done as reported previously (Plesnila et al., 2004) . Quantification of cells positively stained for AIF, active caspase-3, or DNA damage was achieved by cell counting in areas of cortex and striatum affected by ischemia (mitogen-activated protein-2 negative). Three randomly chosen visual fields (one visual field, 0.196 mm 2 ) were counted in each region by an investigator without knowledge of the experimental conditions.
Western blot analysis. Western Blot analysis was performed as described previously (Plesnila et al., 2001 (Plesnila et al., , 2004 . Briefly, the blot was probed with an affinity-purified goat polyclonal antibody raised against a peptide mapping the C terminus of mouse AIF (1:500; sc-9416; Santa Cruz Biotechnology) at 4°C overnight. Membranes were then exposed to a rabbit anti-goat HRP-conjugated secondary antibody (1:5000; Vector Laboratories), followed by a chemiluminescence detection of antibody binding (ECL; Amersham Biosciences, Arlington Heights, IL). Equal protein loading was demonstrated by stripping and reprobing the membrane with a monoclonal anti-␤-actin antibody (AC-15; 1:10,000; Santa Cruz Biotechnology) and a secondary anti-mouse HRP-conjugated antibody (Vector Laboratories).
Statistical analysis. All data are given as means Ϯ SD if not indicated otherwise. For statistical comparisons between groups in cell culture experiments, ANOVA followed by Scheffè's post hoc test was used. For in vivo experiments, the Kruskal-Wallis ANOVA on ranks test was used followed by Dunnett's all pairwise multiple comparison procedure as post hoc test. Calculations were performed with a standard statistical software package (SigmaStat 2.0; Jandel Scientific, Corte Madera, CA).
Results

Animal physiology
Blood pressure and blood gases were within the physiological range before and during surgery and were not different between groups (Table 1) . Cerebral blood flow in the MCA territory was reduced to the same level in HQ mice and wild-type littermates (12 Ϯ 4 and 10 Ϯ 5% of baseline, respectively). The cerebrovascular anatomy, particularly the anastomosis between the anterior (carotid arteries) and posterior (basilar artery) cerebral circulation, which may affect outcome after MCAo in mice, was quantified and found not to be different between HQ mice and their wild-type littermates (2.3 Ϯ 0.7 vs 2.3 Ϯ 0.5 arbitrary units).
Downregulation of AIF using siRNA technology in cell culture
Addition of siRNA targeting AIF to immortalized hippocampal neurons (HT22 cells) or primary cultured neurons induced downregulation of AIF mRNA by 85% within 48 h in a dosedependent manner as identified by RT-PCR and densitometry (Figs. 1 B, 2A) . To increase the probability of a successful downregulation of AIF, we generated multiple siRNA constructs using recombinant DICER enzyme. Cell viability, mRNA levels of the reference gene GAPDH, and protein levels of ␤-actin were not affected by AIF-siRNA (Figs. 1 B, 
Downregulation of AIF reduced glutamate-and oxygen-glucose deprivation-induced cell death in vitro
Addition of 2 mM glutamate to immortalized hippocampal neurons induced translocation of AIF to the nucleus, as demonstrated by immunocytochemistry and Western blot analysis (Fig.  1 A) . Downregulation of AIF protein by siRNA significantly enhanced neuronal survival after exposure to lethal levels of glutamate, a paradigm associated with nuclear AIF translocation (72 Ϯ 7 vs 35 Ϯ 3% in controls and 42 Ϯ 3 vs 16 Ϯ 1% in controls after 1 and 2 mM glutamate, respectively; p Ͻ 0.001) (Fig. 1 D) . Of note, AIF-siRNA-treated cells surviving glutamate toxicity did not show nuclear AIF translocation, thereby stressing the specific role for AIF during the cell death process (Fig. 1C) . Comparable results were also obtained with a single AIF-siRNA sequence, which also specifically reduced AIF mRNA and protein levels (data not shown). The role of AIF for neuronal Physiological parameters were not different between HQ mice (n ϭ 6 -8) and their wild-type littermates (n ϭ 6) regarding mean arterial blood pressure (MAP), arterial pH (pH), arterial partial pressure for carbon dioxide (pCO 2 ), and arterial partial pressure for oxygen (pO 2 ) before surgery and 30 min after occlusion of the middle cerebral artery.
cell death is further supported by the fact that AIF-siRNA did not influence staurosporine-induced cell death, a paradigm that does not necessarily require AIF for induction of apoptosis Cande et al., 2004 ) (data not shown).
The results obtained with immortalized HT22 neurons, which do not express NMDA receptors and die as a result of glutathione depletion after glutamate-induced inhibition of cystine import via the glutamate-cystine antiporter (Schubert and Piasecki, Figure 1 . AIF-siRNA knock-down attenuates glutamate-induced neuronal cell death in hippocampal neurons. A, Top row, Confocal laser scanning microscope images of AIF immunoreactivity (green) under control conditions and after 18 h exposure to glutamate (2 mM) in immortalized hippocampal neurons (HT22 cells). Costaining with DAPI (dark blue) allowed the identification of nuclear translocation of AIF (AIF/DAPI, light blue). Bottom row, Western blot analysis of AIF protein in the crude cytosolic and in the nuclear fractions before and after exposure to 2 mM glutamate. B, RT-PCR analysis of AIF RNA (top 2 rows) and Western blot analysis of AIF protein levels (bottom 2 row) in HT22 cells pretreated with 20 nM AIF siRNA for 48 h. Controls were treated with mutant siRNA. RT-PCR with primers specific for GAPDH and anti-␤-actin antibodies were used as controls for equal mRNA and protein amounts, respectively. HT22 cells were pretreated with vehicle (Lipofectamine), nonfunctional mutant siRNA (mut-siRNA), or AIF-siRNA for 48 h. C, Confocal laser scanning microscope images of AIF immunoreactivity (green) and nuclear DAPI staining (dark blue). Downregulation of AIF by siRNA (see above) resulted in inhibition of nuclear AIF translocation after 18 h of exposure to glutamate (2 mM). D, Cell viability was determined by the MTT assay, 20 nM mutant siRNA, or AIF-siRNA for 48 h before 18 h 1-2 mM glutamate exposure. Cell viability in glutamate-exposed cultures pretreated with AIF-siRNA was significantly enhanced compared with controls (n ϭ 8; *p Ͻ 0.001).
2001), were further extended by observations made in primary hippocampal neurons in which glutamate mediates excitotoxicity through activation of NMDA receptors. In these cells, addition of AIFsiRNA induced complete loss of AIF mRNA within 24 -72 h and significant reduction of AIF protein 48 h after onset siRNA treatment (Fig. 2 A) . Housekeeping proteins such as GAPDH or ␤-actin were not affected by AIF-siRNA, and mutant siRNA control sequences affected neither AIF mRNA or protein levels nor the housekeeping proteins (Fig. 2 A) . siRNAmediated knock-down of AIF resulted in a significant reduction of apoptotic nuclei after glutamate-induced neuronal cell death (Fig. 2 B) . After glutamate treatment, Ͼ90% of cells displayed condensed nuclei in control cultures, whereas only 58 Ϯ 8% of AIF-siRNA-treated cells showed signs of nuclear apoptosis ( p Ͻ 0.01) (Fig. 2C) .
To investigate whether the findings obtained after glutamate toxicity can be expanded to in vitro conditions modeling the situation in the ischemic brain more closely, we performed additional experiments on primary cultured neurons in an oxygen-glucose deprivation paradigm. Eight hours after 4 h of OGD, AIF was identified in the nucleus of severely damaged neurons showing nuclear shrinkage (Fig. 3A) . Significant numbers of neurons displaying AIF nuclear staining were observed already 4 h after OGD, a time point when no significant morphological neuronal damage could be observed (Fig. 3B) , demonstrating that AIF translocation from mitochondria to the nucleus precedes neuronal cell death. The hypothesis that AIF may have a causal role for hypoxia-hypoglycemia-induced neuronal cell death was proven by data obtained from AIF-siRNA-treated neuronal cultures subjected to OGD. Most control neurons displayed condensed, pyknotic nuclei 24 h after OGD, whereas many cells in the AIF-siRNA-treated cultures showed a normal nuclear morphology (Fig. 3C) . Quantification revealed that AIF downregulation resulted in a reduction of OGD-induced cell death by Ͼ50% ( p Ͻ 0.01) (Fig. 3D) .
Inhibition of PARP1 and Bid reduced nuclear AIF translocation and protected neurons from hypoxiahypoglycemia-induced cell death In a first approach to explore the mechanisms of AIF nuclear translocation after OGD, we inhibited poly(ADP-ribose) polymerase 1, a protein described previously to be responsible for AIF release from mitochondria during N-methyl-N-nitro-Nnitrosoguanidine-, H 2 O 2 -, and NMDA-induced cell death . One micromolar PJ-34, a highly specific PARP1 inhibitor (Abdelkarim et al., 2001 ), reduced nuclear AIF translocation (Fig. 4 A) and protected neuronal cultured by more than 80% from OGD-induced cell death (Fig. 4 B) , strongly suggesting that release of AIF from mitochondria after OGD is related to the activation of PARP1, subsequent poly-ADP-ribolysation, and depletion of mitochondrial nicotinamide adenine dinucleotide (NAD ϩ ) . Because translocation of AIF to the nucleus after hypoxiaischemia is also modulated by proteins of the Bcl-2 family (Zhao et al., 2004) and Bid, a BH3-only member of the Bcl-2 protein family, contributes to post-ischemic neuronal cell death (Plesnila et al., 2001; Yin et al., 2002) , we hypothesized that Bid may also be involved in the translocation of AIF to the nucleus after hypoxiahypoglycemia-induced neuronal cell death. Inhibition of Bid activation by 2 M Bl6c9, which did not show any signs of toxicity even when given at a five times higher concentration (10 M), reduced nuclear AIF translocation and neuronal cell death after OGD to control levels ( p Ͻ 0.01) (Fig. 4C,D) . This result suggests that nuclear AIF translocation occurs downstream of Bid activa- and Western blot analysis (bottom row), respectively, in primary hippocampal neurons pretreated with AIF siRNA for 24 or 48 h. RT-PCR for GAPDH (bottom) and Western blotting for ␣-tubulin were performed as controls. B, Fluorescence microscope images of DAPI-stained embryonic hippocampal neurons were obtained after 48 h of exposure to 20 M glutamate in Locke's medium. Only cultures pretreated with 20 nM AIF-siRNA contained ϳ50% healthy nuclei, whereas all other glutamate-treated groups showed Ͼ85% pyknotic and/or fragmented nuclei, indicating apoptotic damage (Glutamate, right column). The respective control cultures with Locke's medium contained only very few apoptotic nuclei (Control, left column). C, Primary hippocampal neurons were left untreated (Controls) or were pretreated with vehicle (Lipofectamine), 20 nM nonfunctional mutant siRNA (mut-siRNA), or 20 nM AIF-siRNA for 48 h. On DIV9, cells were exposed to 20 M glutamate in Locke's medium for 48 h. Thereafter, neurons were fixed with paraformaldehyde, and apoptotic nuclei were quantified after staining with DAPI. Pretreatment with AIF-siRNA significantly reduced apoptotic cell death compared with the other cultures exposed to glutamate (n ϭ 4; *p Ͻ 0.01 vs all other glutamate-treated groups).
tion and that Bid may be responsible for the release of AIF from mitochondria.
Expression of AIF in normal and ischemic brain
In normal brains, AIF showed clearly extranuclear, i.e., cytoplasmic, staining (Fig. 5A , Control, left) that colocalized with cytochrome oxidase, a mitochondrial marker, as shown previously (Zhu et al., 2003; Plesnila et al., 2004 ). Significant AIF immunoreactivity was predominantly identified in neurons, as shown by colocalization with NeuN, a neuronal marker (Fig. 5A , Control, right). After MCA occlusion, a well established experimental model of stroke, AIF translocates to the nucleus of neurons already 2 h after the insult (Fig. 5A, 2 h ). Twenty-four hours after ischemia, nuclear AIF colocalizes with ischemic cell deathspecific DNA fragmentation, as shown by double staining with HPP, a specific marker of apoptosis-related DNA strand breaks (Zhu et al., 2000) , and with nuclei displaying nuclear condensation (Fig. 5A, 24 h ). The time course of the number of cells with nuclear AIF staining in ischemic tissue correlates very well with the number of dead neurons after cerebral ischemia (r 2 Ͼ 0.99) (Fig. 5B) , suggesting a relationship between nuclear AIF translocation and cell death. This correlation was most pronounced in the ischemic penumbra, in which cell death occurs in a delayed manner (Lo et al., 2003) . Only a fraction of neurons displaying DNA damage and nuclear AIF staining were also positive for active caspase-3 (Fig. 5C ). These cells showed intense AIF staining and advanced nuclear pyknosis, suggesting that nuclear AIF translocation represents an early event during neuronal cell death signaling, whereas caspase-3 activation occurs at a later stage or in a different population of cells.
Neuroprotection in Harlequin mutant mice after focal cerebral ischemia HQ mice, which were shown recently to have an proviral insertion in intron 1 of the Aif gene (Klein et al., 2002) , show an 80% reduction of AIF protein expression (Fig.  6 A) . Homozygous HQ mice were born at expected Mendelian ratios (data not shown), survived to adulthood, and did not show any apparent phenotype during young age compared with wild-type littermates, except patchy hair loss. Twentyfour hours after 45 min of focal cerebral ischemia, homozygous HQ mice displayed significantly smaller infarcts compared with wild-type littermates (Fig. 6 B) . Microscopic analysis of cortical tissue subjected to ischemia showed hardly any cell loss in HQ mice (Fig. 6C, top) . Most neurons displayed normal nuclear morphology, as demonstrated by DAPI staining (Fig. 6C , HQ/HQ, bottom). In contrast, wild-type control animals showed pronounced cortical cell loss, cell shrinkage, and apoptosis-like nuclear condensation (Fig. 6C, Control) . Histomorphometrical analysis demonstrated that HQ mice had smaller infarcts in all cortical regions of the brain affected by ischemia ( p Ͻ 0.05) (Fig. 6 D, top) . Total infarct volume in HQ mice was reduced by 43% compared with wild type littermates (30.6 Ϯ 7.4 vs 53.5 Ϯ 5.2 mm 3 ; p Ͻ 0.03) (Fig. 6 D, bottom) . Separate analysis of infarct volumes in cortex and striatum, in which AIF expression was similar (Fig. 6 E) , revealed that almost all neuroprotection occurred in cortical tissue (Fig. 6 A) , i.e., the area of the brain in which infarcts develop in a delayed manner and ischemic cell death is most prominent after MCAo.
In contrast to most other mouse strains, e.g., C57BL/6 or 129/ Sv, homozygous HQ mice and their wild-type littermates almost completely regained their pre-ischemic motor function 24 h after 45 min MCAo (0.25 Ϯ 0.27 vs 0.5 Ϯ 0.45 in controls; scale, 0 -4). Accordingly, no statement about the effect of AIF downregulation on post-ischemic functional outcome can be made.
Role of PARP1 for nuclear AIF translocation after focal cerebral ischemia
To further explore the mechanisms by which AIF translocates to the nucleus and causes post-ischemic cell death, we pretreated C57BL/6 mice with 10 mg/kg of the specific PARP inhibitor PJ-34 30 min before MCAo. Inhibition of PARP resulted in a reduction (green) is located outside the DAPI-stained nucleus (dark blue). Oxygen-glucose deprivation (8 h) caused translocation of AIF (green) to the nucleus (dark blue) 4 h after reoxygenation. B, Number of damaged neurons and neurons displaying nuclear AIF 4 and 8 h after reoxygenation after 4 h of oxygen-glucose deprivation. AIF translocates to the nucleus before signs of morphological neuronal damage [as determined by nuclear morphology after DAPI/Hoechst (Hoe) staining or propidium iodide/calcein staining] become evident. C, Primary hippocampal neurons were left untreated (Controls) or were pretreated with vehicle (Lipofectamine), 20 nM nonfunctional mutant siRNA (mut-siRNA), or 20 nM AIF-siRNA for 48 h. On DIV9, cells were exposed to 4 h of oxygen-glucose deprivation. Thereafter, neurons were fixed with paraformaldehyde, and apoptotic nuclei were quantified after staining with DAPI. Neurons pretreated with AIF-siRNA showed less pyknosis after OGD compared with nontreated neurons. D, Quantification of experiments described in C. Pretreatment with AIF-siRNA significantly reduced apoptotic cell death compared with control cultures (n ϭ 4; *p Ͻ 0.01 vs all other glutamate-treated groups).
of the number of AIF-positive nuclei in the cerebral cortex 4 h after reperfusion (Fig.  7A) . Counting of cells displaying nuclear AIF in ischemic brain revealed that PARP inhibition prevented post-ischemic AIF translocation in 45 and 40% of all cortical and striatal neurons, respectively (Fig. 7B) . Of note, PARP inhibition reduced AIF translocation also in the striatum, an area of the brain in which vehicle-and PJ-34-treated mice show the same extent of final tissue damage. Accordingly, the observed reduction of nuclear AIF translocation cannot be explained as secondary to the reduction of tissue damage in PJ-34-treated mice but was indeed mediated by reduced PARP1 activity.
To further investigate whether inhibition of AIF-mediated cell death is accompanied by a compensatory increase of caspase-3-mediated neuronal damage, we colabeled post-ischemic brain tissue for AIF and active caspase-3. Quantification of AIF-and active caspase-3-positive neuronal cells in the ischemic striatum, which is not protected by PARP inhibition (see above), clearly demonstrates that reduction of AIF-induced cell death did not increase the number of cells dying by caspase-3 activation (Fig. 7B) . These findings clearly show that AIF-and caspase-3-mediated neuronal cell death signaling are independent of each other, and hence AIF represents a novel and independent cell death pathway in post-ischemic neurons.
Discussion
Our data strongly suggest that AIF is a mediator of neuronal cell death after ischemia-like conditions in vitro and after cerebral ischemia in vivo. We base our conclusion on the findings that (1) downregulation of AIF in primary cultured neurons reduced cell death after glutamate-induced glutathione depletion, glutamate-induced excitotoxicity, and oxygen-glucose deprivation (Figs. 1-3 ) and (2) Harlequin mutant mice, which express AIF at low levels, display significant neuroprotection after experimental stroke (Figs. 5, 6 ). Therefore, AIF plays a causal role for ischemic cell death and may represent a novel therapeutic target for treatment of acute cerebrovascular diseases.
It is well established that the final steps of delayed ischemic cell death are mediated by an intracellular signaling cascade initiated through the activation of caspase-8 (Velier et al., 1999) by cell membrane-bound death receptors of the Fas/tumor necrosis factor family (Martin-Villalba et al., 1999; Harrison et al., 2000) , resulting in caspase-3-mediated DNA fragmentation (Le et al., 2002) . Caspase-3 can be activated directly by caspase-8, but, in the case of cerebral ischemia, caspase-3 activation seems to be mediated by cleavage of the proapoptotic Bcl-2 family member protein Bid (Plesnila et al., 2001) . Bid initiates the release of cytochrome c from mitochondria, thereby triggering the formation of the apoptosome complex that finally activates caspase-3 (Figs.  5, 7) . This concept has been validated by numerous studies showing activation of all members of the cascade in post-ischemic neurons (for review, see Lo et al., 2003) and by experiments showing that mice deficient for death receptors (Martin-Villalba et al., 1999) , Bid (Plesnila et al., 2001 ), or caspase-3 (Le et al., 2002) show neuroprotection after experimental stroke. Furthermore, upregulation of antiapoptotic molecules, which interact with this cascade, e.g., Bcl-2 or X-linked inhibitor of apoptosis protein, prevents post-ischemic neuronal cell death (Trapp et al., 2003) .
Despite the central role assigned to caspase-3 as a final step of cell death signaling in neurons in vitro (Lo et al., 2003) , significant ischemic cell death-specific DNA damage after cerebral ischemia is also found in caspase-3 knock-out mice (Le et al., 2002) and in neurons of wild-type mice regardless of caspase-3 activation in vivo (Didenko et al., 2002) . Especially the findings in caspase-3 knock-out mice strongly suggest that alternative pathways of ischemic cell death-related DNA fragmentation independent of caspase 3 are activated after cerebral ischemia. This conclusion is also supported by the fact that, after cerebral ischemia, not only small, caspase 3-activated DNase-related DNA fragments of 200 - (green) is located outside the DAPI-stained nucleus (dark blue). Oxygen-glucose deprivation (8 h) caused translocation of AIF (green) to the nucleus (dark blue; middle row), a finding that was almost absent in cultures pretreated with 1 M of the PARP1 inhibitor PJ-34 (bottom row). B, Number of DAPI-stained neurons displaying pyknotic nuclei before and after 4 h of OGD. Neurons pretreated with 1 M PARP1 inhibitor PJ-34 were significantly protected from hypoxichypoglycemic cell death (*p Ͻ 0.01 vs untreated cells). C, Similar to previous experiments, control neurons (top row) displayed mitochondrial distribution of AIF (green) that translocated to the nucleus after OGD (middle row). Neurons pretreated with 2 M Bid inhibitor Bl6c9 showed no nuclear AIF staining after OGD (bottom row). Scale bar, 20 m. D, Counting of DAPI-stained neurons displaying pyknotic nuclei before and after 4 h of OGD revealed that 2 M Bid inhibitor Bl6c9 significantly protected neurons from hypoxic-hypoglycemic cell death (*p Ͻ 0.01 vs untreated neurons subjected to OGD). Control neurons were treated with 2 M (data not shown) and 10 M BI6c9 to evaluate compound toxicity. 1000 bp but also large, non-caspase-3-mediated DNA fragments of 50,000 bp are found in dying neurons (Charriaut-Marlangue et al., 1996) . These findings are not compatible with a single role of caspase-3 activation in post-ischemic cell death and may be explained by the involvement of AIF in this process, a molecule that induces large-scale DNA fragmentation independent of caspase-3 activation . This is further supported by previous reports from our laboratories (Zhu et al., 2003 (Zhu et al., , 2005 Plesnila et al., 2004) and from others (Cao et al., 2003) showing that AIF translocates to the nucleus during postischemic cell death. However, these previous data do at best indicate that AIF may play a role in the pathophysiology of ischemic cell death by demonstrating only a temporal and spatial correlation between nuclear AIF translocation and neuronal cell death but no causality. Our current results strongly suggest for the first time that AIF has a causal role for post-ischemic neuronal cell death in vivo and in vitro. Downregulation of AIF by siRNA in vitro or by a spontaneous mutation in vivo reduced AIF translocation from mitochondria to the nucleus to undetectable levels ( Fig. 1 B) , reduced excitotoxic and hypoxic-hypoglycemic neuronal damage in vitro (Figs. 1-3) , and prevented cell death in the cortex of ischemic animals in vivo (Fig. 6 ). Our findings on the role of AIF for neuronal cell death are supported by three previous in vitro reports showing that AIF is responsible for DNA alkylation-induced cell death in cultured fibroblasts, for glutamate-induced neuronal cell death, and for apoptosis after UV irradiation in a B-lymphocyte cell line Wang et al., 2004; Yuan et al., 2004) . Additional support comes from a recent in vivo study showing reduced hippocampal neuronal cell death after kainate-induced seizures in AIF low-expressing HQ mice, the same mouse strain as used in the current study (Cheung et al., 2005) The direct mechanisms responsible for AIF release from mitochondria after focal cerebral ischemia seem to be mediated, at least in part, by proteins of the Bcl-2 family. For example, herpes virus-mediated upregulation of antiapoptotic molecule Bcl-2 in brain parenchyma reduced AIF translocation in ischemic neurons after distal MCAo in rats (Zhao et al., 2004) . Our data showing that inhibition of Bid prevents nuclear AIF translocation after hypoxia-hypoglycemia-induced neuronal cell death now strongly suggest that the proapoptotic BH3-only protein Bid is the actual Bcl-2 family member that is responsible for mitochondrial membrane pore formation and hence AIF release from mitochondria (Fig. 4C,D) . This assumption is supported by the fact that deletion of the bid gene in mice shows a relatively moderate effect on mitochondrial cytochrome c release after cerebral ischemia (Plesnila et al., 2001) , suggesting that additional mecha- nisms have to be involved in Bid-mediated cell death downstream of mitochondria, such as AIF nuclear translocation.
So far, very little is known about in vivo mechanisms of AIF release upstream of mitochondria. In vitro studies in nonneuronal and neuronal cells demonstrate that AIF release from mitochondria is dependent on activation of PARP1, a molecule also responsible for neuronal cell death after cerebral ischemia (Endres et al., 1997; Chiarugi, 2005) . Our current results support an important role for PARP1 for the release of AIF from mitochondria also after ischemic brain injury. Inhibition of PARP1 prevented AIF translocation from mitochondria to the nucleus after oxygenglucose deprivation in vitro (Fig. 4 A) and focal cerebral ischemia in vivo (Fig. 7) . Most importantly, nuclear AIF translocation was also prevented in brain areas not protected by PARP1 inhibition. This result clearly demonstrates that the release of AIF from mitochondria after cerebral ischemia depends on PARP1 activation but is independent of the PARP1 inhibitionmediated neuroprotection. Furthermore, the extent of caspase-3 activation was not affected by PARP inhibition. It has been suggested that mitochondrial NAD ϩ depletion, which is caused by overactivation of PARP1, may represent the link between PARP1 activation and the release of AIF from mitochondria . NAD ϩ depletion, which was well documented after cerebral ischemia (Endres et al., 1997) , occurs in parallel with mitochondrial membrane depolarization , together with nuclear condensation (Fig. 3A) but before the morphological signs of ischemic cell death in vitro and in vivo (Figs. 3B, 5A) , and is therefore the most likely trigger for the mitochondrial release of AIF after cerebral ischemia.
Another important issue concerning the therapeutic potential of AIF inhibition is whether inhibition of AIF-mediated neuronal cell death would push cells toward caspase-3-mediated cell death. The current data clearly show that this is not the case for ischemic neuronal cell death because, in areas of the brain equally affected by ischemic damage, inhibition of PARP1 reduces AIF translocation significantly but leaves caspase-3 activation unaffected (Fig. 7B ). The conclusion that PARP1/AIF-mediated neuronal cell death represents a pathway totally distinct from caspase-mediated cell death is also supported by the fact that PARP1-mediated cell death and AIF translocation cannot be affected by caspase inhibitors .
Based on the current data, we propose that cerebral ischemia leads, among others, to DNA damage and subsequent PARP1 activation. PARP1 activation leads to a decrease of mitochondrial NAD ϩ that induces Bcl-2-controlled and Bid-mediated translocation of AIF to the nucleus, in which it initiates nuclear condensation (Susin et al., 1999) . In parallel, but independent of PARP1 activation and nuclear AIF translocation, caspases may contribute to additional ischemic brain damage (Namura et al., 1998; Le et al., 2002) .
In addition to its proapoptotic function, it becomes more and more evident that AIF may also have apoptosis-independent biFigure 6. Significant reduction of ischemic brain damage in AIF low-expressing mice. A, Western blot analysis shows markedly reduced AIF protein levels in the brains of HQ/HQ mice compared with homozygote wild-type (ϩ/ϩ) and heterozygote (ϩ/HQ) littermates. B, Nissl-stained brain sections of hippocampal (h) and striatal (s) brain regions obtained 24 h after reperfusion demonstrate significant reduction of infarcted brain tissue in Harlequin mice compared with littermate controls. The squares indicate the areas shown at higher magnification in C. C, High-magnification photomicrographs of Nissl-stained sections from cortical areas indicated by squares in B show shrunken cells with pyknotic nuclei in the infarct area of wild-type littermates (Control), whereas the cells in the corresponding area in HQ mice show normal morphology (top row). Fluorescent photomicrographs of respective cortical areas in adjacent sections stained with DAPI show that all damaged neurons in the infarct area of wild-type animals have pyknotic nuclei, whereas almost all nuclei in the corresponding area in HQ mice appear normal (bottom row). D, Infarct areas were evaluated histomorphometrically on 11 consecutive Nissl-stained brain sections (500 m apart) throughout the infarct (top row). Note that, in each section, the mean infarct area was reduced in HQ mice compared with controls. The infarct volume was calculated on the basis of the histomorphometric data from the individual sections, showing a 43% reduction of the mean infarct volume in HQ mice compared with wild-type littermates (bottom row; *p Ͻ 0.03; n ϭ 5 per group). E, HQ mice displayed equal expression of AIF in cerebral cortex and striatum as shown by Western blot analysis (n ϭ 4). . PARP1 inhibition reduces AIF translocation after cerebral ischemia. A, Immunohistochemical staining of AIF (black) in the cerebral cortex of control animals and of mice receiving 10 mg/kg of the selective PARP inhibitor PJ-34 intraperitoneally 15 min before MCAo. PARP inhibition reduces the number of neurons displaying nuclear AIF translocation. B, Number of neurons in cerebral cortex and striatum displaying nuclear AIF or active caspase-3 staining (striatum only) in control animals (white bars) and in animals receiving a PARP inhibitor (black bars; see above). PARP inhibition reduced the number of neurons showing nuclear AIF by 40 -45% (n ϭ 5; p Ͻ 0.01) but did not effect caspase-3 activation.
